We study the irreversible adsorption of spherical 2AnB patchy colloids (with two A-patches on the poles and n B-patches along the equator) on a substrate. In particular, we consider dissimilar AA, AB, and BB binding probabilities. We characterize the patch-colloid network and its dependence on n and on the binding probabilities. Two growth regimes are identified with different density profiles and we calculate a growth mode diagram as a function of the colloid parameters. We also find that, close to the substrate, the density of the network, which depends on the colloid parameters, is characterized by a depletion zone.
I. INTRODUCTION
Patchy colloids have functionalized surfaces yielding directional colloid-colloid interactions. [1] [2] [3] [4] [5] This feature opens the possibility of controlled bottom-up selforganization of novel materials [6] [7] [8] [9] [10] and it has motivated the development of several experimental techniques to produce patchy colloids. [11] [12] [13] [14] [15] [16] [17] [18] Theoretical studies have been focused on the thermodynamic properties with several numerical techniques being adapted to tackle the patch-colloid cooperative behavior in solution. [2, [19] [20] [21] A range of models for the colloids have been extensively studied and used to represent many complex systems, such as, amphiphilic molecules, colloidal clays, proteins, and DNA nano-assemblies. [2, 3, 6, 7, 20, [22] [23] [24] [25] [26] These studies have revealed that the control over the valence leads to rich phase diagrams with new self-organized phases and interesting properties, such as, glass transitions, colloidal gels, and bigels. [27] [28] [29] [30] [31] [32] Studies of equilibrium properties provide insight on the possible thermodynamic structures and their stability. However, experimentally, equilibrium structures are very often not accessible. In particular, in the limit of irreversible binding (considered here), the network of colloids is determined by the time sequence of patch-patch bond formation. [33, 34] In general, these kinetically trapped structures are different from the thermodynamic ones. The interest on the identification and characterization of these structures is twofold: designing experimental strategies to avoid them when the equilibrium structures are the goal and the search for novel material properties.
The presence of a substrate improves the degree of controllability over self-organization of patchy particles even under equilibrium conditions. [35, 36] Recently, the study of the nonequilibrium adsorption on a substrate of twoand three-patch colloids revealed the existence of an optimal fraction of two-patch colloids where the density of the film is maximized. [33] This result is in contrast to the equilibrium structures where, a monotonic decrease of the density is observed. [29] Several questions about nonequilibrium patchy-colloidal systems are still open, namely, the effect of confinement [4] , the inclusion of patterns on the substrate, [37, 38] or the possibility of distinct interaction between patches. [39] In this work, this last question will be investigated in detail.
A particularly interesting model considers patchy colloids with distinct patch-patch interactions, namely 2AnB (two patches of type A and n patches of type B), also known as Lisbon colloids. Even the simplest version of this model (n = 1 with all patches evenly distributed) yields interesting properties in the bulk, such as vapour-liquid transitions and a vanishing critical point. The liquid-vapour critical point was studied as a function of the AA, AB, and BB interaction energies, [40, 41] and a rich number of network structures was found to be responsible for this unexpected phase diagram. Both numerical and theoretical results confirm the unusual thermodynamic and percolation properties of this model. [42, 43] More complex 2AnB colloids with two patches of type A located on the poles and nine patches of type B located equidistantly on the equator have been studied. [39, 44] An equilibrium liquid-vapour binodal was found to be re-entrant with the liquid (a network fluid with a large number of branches) and the vapour (a fluid of linear chains with little or no branching) densities vanishing as the temperature approaches zero. This is in line with the phase diagram predicted by Tlusty and Safran for dipolar fluids. [45] This re-entrant behavior was also found on a lattice model in two and three dimensions. [46, 47] Until now, the study of 2AnB colloids has been restricted to equilibrium properties. This gives an idea of the numerous possibilities that can be expected in the richer nonequilibrium systems. Following this lead, in this work, we will study the nonequilibrium adsorption on an attractive substrate, using our model, proposed in Ref. [33] , where the bonding between colloids is irreversible. Under this constraint, the system never reaches an equilibrium state. As in previous models of 2AnB colloids, [39, 44] we consider two patches A in the poles and n patches B around the equator. An example for possible configurations is shown in Fig. 1(a) with two schematic representations of 2AnB colloids with n = 4 and n = 9, respectively. We study the effect of varying both the number of patches of type B and the interaction between patches. We find a promising control over the film structure by tunning the 2AnB colloids properties. A detailed analysis of the film properties is presented, based on kinetic Monte Carlo simulations. We observe a wide range of coverages of the first layer by changing both the number and the interaction between patches, and the emergence of a density depletion zone near the substrate. A new growth mode diagram depending on the number of B-patches and sticking coefficients is proposed.
This article is organized as follows: In Sec. II we introduce the model and the underlying physical considerations, as well as the simulation parameters; In Sec. III the results for the region close to the substrate are presented and the density depletion in this region is discussed; In Sec. IV the film growth modes are discussed; Finally, in Sec. V we draw some conclusions.
II. MODEL
We consider the stochastic model for the adsorption of patchy particles on a substrate, recently introduced in Ref. [33] . Patchy colloids are typically described as spherical particles with patches distributed on their surface, with both a short-range repulsive interaction and a patch-patch attractive interaction. We assume chemical bonding between patches (highly directional and irreversible within the timescale of interest) and we describe the patch-patch binding as a stochastic process, where a bond is established in two different situations: when the patch of the adsorbing colloid is aligned with the patch of a previously adsorbed colloid or when the patch-patch interaction promotes the alignment of the landing colloid with the available binding site. An interaction range around the patches is defined such that two colloids effectively interact (and eventually establish a bond) when their interaction ranges overlap. Here, we fix the interaction range within an angle lower than π/6 rad relative to the center of the patch. [48] This sets a maximum interaction πσ/6 between patches on the surface of the colloids, where σ is the diameter of the colloid, which we consider unity without loss of generality.
To describe the colloids motion in solution, a Brownian dynamics is considered where the collision with the solvent is taken as a Poisson process, such that the time between collisions, ∆t, follows an exponential distribution,
where R is the collision rate. At each colloid/solvent collision a new velocity is assigned with the direction uniformly distributed and with absolute value v following the Maxwell-Boltzmann distribution at the thermostat temperature, given by,
with T the thermostat temperature in units of k B /m, where m is the mass of the colloid and k B the Boltzmann constant. With this model, it is possible to fine tune the diffusion coefficient D, with the proper combination of T and R. For the sake of simplicity, we consider a constant diffusion coefficient of 0.1σ 2 /s. In the presence of a substrate, there are two characteristic time scales: the inter-arrival time of colloids at the substrate (typically related with the flux); and the binding time, defined as the time necessary for the chemical bond to be established. At low concentration of colloids, the inter-arrival time is considered much larger than the binding time. Therefore, we can assume that colloids arrive one at a time to the substrate and adhere instantaneously. For the purpose of this study, the interaction of a colloid with the substrate is isotropic and they adsorb with no defined direction.
The process of establishing a chemical bond is a ther-mally activated process, characterized by an activation barrier. In general, this barrier is different for AA, AB, and BB bonds. Here, following previous studies of 2AnB colloids, [39, 44] we consider that the activation barrier for BB is so much higher than the others, that such bonds can, in practice, be neglected. We define the binding probability for AA and AB bonds as P AA and P AB . For simplicity, we consider the limit P AA = 1 and define the sticking coefficient r AB = P AB /P AA . The two possible bonds are represented in Fig. 1(b) . The parameters n and r AB are related. The larger their values, the higher the probability that an AB bond is formed. Yet, as we show below, a different quantitative and qualitative dependence on each parameter is observed. Figure 1(c) shows some possible local arrangements obtained with 2AnB colloids. The examples are: a sequence of consecutive AA bonds, always resulting in a linear chain of colloids; AB-chains, formed by sequences of AB-bonds, which are rarely linear (linear ABchains are only geometrically possible for even values of n) whose shape depends strongly on n; and (AA) x (AB) yjunctions, where x = 0, ..., N A and y = 1, ..., N B + N A (x+y ≥ 3), which are colloids with more than two bonds.
In a previous work for colloids with identical patches, [33] we found three distinct regimes in the density profile: the surface layer, where the effect of the substrate, on the colloid network, plays a major role; the liquid film, where the density of the film reaches a constant value during growth; and the interfacial region, which is mainly related to the roughness of the film. In this article, we focus on the surface layer and liquid film for 2AnB colloids.
III. SURFACE LAYER
The layer of colloids directly in contact with the substrate is the precursor film. As we show here, for a patchy-colloid network with strongly anisotropic colloidcolloid interaction, the organization of the first layer affects the growth of the remaining structure. For nonequilibrium adsorption of patchy colloids with identical patches, it has been shown [33] that the density of the first layer remains constant, independently of the system size, but increases with the diffusion coefficient D of the colloid.
The coverage of the first layer, i.e., the number of particles per unit of area, as a function of n and r AB is shown in Figs. 2(a) and (b), respectively. It is observed, in Fig. 2(a) , that for r AB ≈ 1, the coverage of the first layer decreases with n, while for r AB 1, it remains constant. At low r AB the probability of binding to a previously adsorbed particle is very low and, consequently, particles are able to diffuse towards the substrate and bind directly to it. This binding is solely limited by the colloid-colloid excluded volume interaction and, in the limit of vanishing r AB , the coverage of the substrate by particles directly in contact is expected to resemble the (bottom) Snapshots of the first adsorbed layer (directly in contact with the substrate) for three different points on the plots (a) and (b), namely, 1, A, and F/6, where the dependence of the density on n and rAB is observed. Simulations performed on a substrate of lateral size 32 in units of particle diameter.
Random Sequential Adsorption model, [49] with a jamming coverage, θ ∞ = 0.6969. The effect of the number of patches will then be negligible for r AB 1 (like, e.g., r AB = 0.01 in Fig. 2(a) ).
In general, for any value of r AB , a decrease of the coverage of the first layer with n is observed. This is related with the increase in the probability that a particle binds to the network, thus enhancing the screening effect. A similar qualitative behavior is observed with increasing r AB . This dependence on n and r AB is also visible in the snapshots of the first layer, Fig. 2 , for limiting values of n and r AB , where the density at low n and r AB is higher than at higher values.
For patchy colloids with identical patches, a decrease of the density with the distance to the substrate is observed for the surface layer. [33] However, this is not the case for 2AnB colloids, with distinct patches. Figure 3(a) shows several density profiles obtained with these particles, where a minimum is observed for z < 2. The presence and position of this minimum is robust with respect to the values of n and r AB . Below, we discuss this behavior in detail. Figure 3(a) shows the density profile for some values of r AB and n where the minimum is observed. An explanation may be drawn from Fig. 3(b) , where a density profile is shown, with a binning of ∆z = 0.1. Here, a narrow peak appears at a distance of 1.3 < z < 1.4 from the substrate (z I in the figure). This is a direct consequence of the high density of the first layer and the low probability of adsorption on B-patches. The scheme A in the bottom of Fig. 3 illustrates the most common configuration of the colloid connected to the one that is directly bound to the substrate. For an isotropic orientation of colloids in the first layer, the probability of finding a colloid near the normal to the substrate is very low and, due to excluded volume, adsorption of colloids on patches that form an angle lower than π/2 rad with the substrate is also limited. Considering a coverage around 0.65 particles per unit of area, we obtain an area of approximately 1.54σ per particle. The average distance between particles can be estimated from the diameter of such regions, yielding ∆r ≈ 1.4σ. The minimum height of a colloid, not
, corresponding to 0 < z < 1 and 1 < z < 2, respectively, as a function of rAB for values of n = {1, 2, 3, 4, 5, 6}. (b) Density difference, ρ * (2) − ρ * (1), corresponding to 2 < z < 3 and 1 < z < 2, respectively, as a function of rAB for values of n = {1, 2, 3, 4, 5, 6}. (bottom) Snapshots for, from left to right and top to bottom, {NB = 3, rAB = 0.01}, {NB = 6, rAB = 0.01}, {NB = 3, rAB = 1}, and {NB = 6, rAB = 1}. Results averaged over 100 samples on a square substrate of lateral size L = 32 in units of the particle diameter and a total of 61440 deposited colloids. directly in contact with the substrate, would correspond to a particle resting on top of two other particles at this distance. In that case, a minimum z ≈ 1.21 is obtained. Since bonds can only be established along the direction of the patches, the maximum is observed in the range 1.3 < z < 1.4.
What enhances this behavior with 2AnB colloids is the lower probability to bind to B-patches, since BB bonds are absent and r AB ≤ 1. However, when an attempt of adsorption on a B-patch is successful, the new bond works as the seed to a lateral chain, which consequently screens the adsorption on the region 1 < z < 2 (scheme B in the bottom of Fig. 3 ). This few successful adsorptions on lateral B patches are represented in Fig. 3(b) as a small peak just bellow z = 2 (z II ). When r AB ≈ 1 the colloidal network resembles the one for colloids with identical patches, where the density decreases monotonically with the distance to the substrate due to branching. In this limit, the effect of the dense coverage of the first layer is negligible, as new colloids can adsorb equally on any patch. Figure 3 (c) shows the density of the shadowed region in Fig. 3(b) as a function of n, for different values of r AB . For lower r AB , the density increases with n. By contrast, for higher r AB , it decreases with n. For low values of r AB the increase in the density is related to larger branching and lateral growth of the film, since the first layer has a constant density regardless of n, as stated above. The higher the value of n the higher the branching rate and, consequently, the number of lateral adsorptions on colloids of the second layer. The number of possible bonds along the equator is limited by the excluded volume interaction among colloids. Thus, it is expected that above n = 4, the efficiency of adsorption does not improve with n. For high values of r AB , the density of the shadowed region in Fig. 3(b) varies with the density of the first layer.
The control of the density in the depletion zone can be achieved through the choice of n and r AB (see Fig. 4 ). The density close to the substrate (z < 1) is always larger than in the second layer (1 < z < 2). Due to the higher probability to stick to the substrate than to any patch (see Fig. 4(a) ). The second layer (1 < z < 2) can have a density higher or lower than the third (2 < z < 3) depending on n and r AB . This is a direct consequence of the distinct patch-patch interaction since, as observed in Fig. 4(b) , for higher values of r AB , the depletion disappears, and the behavior is similar to that observed for colloids with identical patches. [33] Snapshots of the film close to the substrate show a reduced density for 1 < z < 2, more evident for low values of r AB (see top snapshots in Fig. 4) , and the effect of lateral chains (scheme B in Fig. 3 ).
IV. LIQUID FILM
For the adsorption of colloids with identical patches, it was observed that the lateral growth of the colloidal network leads to a saturation in the film density (ρ = ρ l ), due to the finite size of the substrate (see right snapshot in Fig. 5) . Surprisingly, with distinct patches, we found for low values of r AB a new type of growth where no saturation of the density is observed (left snapshot in Fig. 5 ). Figure 5 shows snapshots and density profiles for the two different growth modes, where the difference in the film structure is visible. For higher values of r AB we observe a higher branching rate due to the adsorption on both A and B patches (bottom zoom of Fig. 5 ). The junctions consist mainly of AB-bonds, which can initiate the formation of AB-chains (Fig. 1(c) ). These chains might have different geometries as pictured in Fig. 1(c) . By contrast, for lower values of r AB , the ratio and size of AA-chains (Fig. 1(c) ) increases with the number of deposited particles (top zoom of Fig. 5 ), which is associated with a decrease in the density, since a compaction of the film is hindered by the linear AA-chains.
The different behavior at r AB 1 is a consequence of an increase in the relative density of AA over AB bonds. By contrast with 2AnB colloids in equilibrium, where bonds are reversible and a low value of r AB leads to a negligible number of AB-bonds, under nonequilibrium conditions, even for low r AB , AB-bonds still contribute to the structure of the film. In equilibrium, for low values of r AB , the structure consists mostly of AA-chains [39] at an almost constant density around the equilibrium value. Out of equilibrium, for a network of 2AnB colloids in the limit of r AB 1, the density of bonds of type AB decreases with the number of adsorbed particles. This effect is due to the increasing dominance of AA chains, which will screen available patches inside the film and, consequently, keep the density of the film low. The large number of B patches available for an AB-bond are shadowed by particles above, and remain unreachable for newly incoming colloids.
For colloids with identical patches, the liquid regime was defined as the regime, above the surface layer, where the density saturates. [33] Here, we found a growth mode where the density of the film does not saturate. Despite a continuous decrease of the density (left of Fig. 5) , a liquid regime can be identified as the region where the finite size of the substrate plays a relevant role. This decrease of the film density with the number of deposited particles is a result of the dominance of the rate of formation of AA-chains over the rate of formation of junctions or ABbonds. This behavior is evident from the derivative of the density of AA-and AB-bonds, dN AA dz and dN AB dz , inside the liquid film regime, represented by the solid lines in Fig. 6(a) , where
dz . We name this growth mode Chain Dominated Growth (CDG). This is in sharp contrast with the second growth mode, where the density saturates (right of Fig. 5 ) and
= 0. We name this mode Junction Dominated Growth (JDG). To compute the derivative of the density of AA-and ABbonds, the liquid regime region needs to be defined precisely. For the JDG mode, the liquid regime is the region where the density of bonds remains constant. In the CDG mode, as a result of the decreasing density, the density of bonds exhibits a maximum (see Fig. 6(a) ). As we go away from the substrate, the density of bonds initially increases due to the absence of binding to the substrate and the low density of the depletion zone close to the substrate. The maximum can then be considered a transition point between the surface layer and the liquid regime, and can be used as a reference for the measurements in the CDG mode.
To characterize the growth-mode diagram and its dependence on n and r AB we compute the derivative of the density of AA and AB bonds as a function of z. In Fig. 6(a) one can see that for the CDG mode the density of AB bonds decreases with z, and for lower values of n the density of AA bonds also decreases. The overall decay of both can be related to the decrease of the film density. In the CDG, however, the rate of decrease of AB-bonds is higher than that of AA-bonds. We can then characterize the growth modes as,
A growth diagram is shown in Fig. 6(b) for the range of n and r AB investigated. For r AB < 0.1 the growth is CDG and for r AB ≥ 0.1 it is JDG. For n = 1 and r AB = 0.1 the growth mode is still CDG.
For n < 4, r AB has a large effect on the formation of junctions, however this effect disappears for n larger than four due to steric limitations. In the limiting case of r AB 1, there is a strong dependence of the overall density on n, so, for lower values of n, the number of unsuccessful binding attempts is higher and the density increases through the diffusion of colloids into the fjords of the film. For the case of r AB ≈ 1, a higher number of successful bonds leads to a larger ramification of the film. In the limit of r AB ≈ 1, n will have an effect similar to r AB , i.e., it increases the rate of bonding, as most of the patches are not available for binding due to the screening by newly deposited colloids. Since for CDG no saturation of the density is observed, the density at half the thickness of the film, ρ(z max /2) was measured (see Fig. 7 ). Taking z max /2 as defined in Fig. 5 , for n > 2, the density decreases with r AB . This is a consequence of a higher ratio of AB-bonds, which favors the formation of junctions and AB-chains, and, consequently, promotes ramification. Thus, it results in the appearance of regions of very low density. For n ≤ 2, the density exhibits a maximum at the transition between the CDG and JDG modes. This is due to the effect of AA-chains, which, for the CDG mode, dominates at lower n. We note that, in the CDG mode, the density of the film is expected to vanish in the limit z → ∞.
The results of Fig. 7 , at values of r AB , inside the JDG mode, reveal a non-uniform dependence of the density on n. This unusual behavior is observed at values of r AB = 0.1 and r AB = 0.2. Due to large fluctuations of the density at z max /2 (from the error bars of Fig. 7) , the saturation density ρ l was chosen as the variable to characterize the film. Figure 8(a) shows that the film density exhibits a maximum that depends on r AB and n. For r AB = 0.1 the maximum is found at n = 4 and for r AB = 0.2 at n = 2. For these pairs of r AB and n, the film grows according to the CDG mode. In this growth mode, favored by junctions, the maximum in the density is driven by the maximum number of bonds per particle. This is the case for n = 4, as seen in Fig. 8(b) , where the average number of bonds per particle, with more than one bond, is plotted. We observe that for both r AB = 0.1 and r AB = 0.2 the maximum in the average number of bonds occurs for n ≈ 4, implying that the configuration with two patches in the poles and four around the equator (octahedral geometry) maximizes the formation of junctions. As a conclusion, an increase in n does not necessarily promote junctions, which explains the maximum in Fig. 8(a) . For r AB = 0.2, however, branching and formation of voids shift the density maximum towards lower values of n (around two).
V. CONCLUSIONS
We have studied the structural properties of colloidal networks obtained from the irreversible adsorption of 2AnB colloids on a substrate. This is the first study of nonequilibrium growth of patchy colloids with a het- erogeneous distribution of patches, namely, two types of patches restricted to the poles and the equator. We have shown that these 2AnB colloids are endowed with new tunable parameters for the control of the network properties.
We found that 2AnB colloids exhibit different structures from those observed in (2 + n)A colloids both at the surface and within the liquid film. A depletion of particles at one particle diameter from the substrate is observed. We also show that the coverage of the substrate can be controlled through the number of patches in the equator and the unlike patch-patch interaction. For simplicity, we have considered an isotropic particle-substrate interaction. In general, some anisotropy is expected due to the presence of the patches. We have shown [33] that, when only one type of patch is considered, the liquid film regime is not affected by the details of the interaction with the substrate. Nevertheless, differences have been observed in the surface-layer regime. In the presence of two types of patches a richer surface-layer regime is expected depending on the selectivity of the particlesubstrate interactions.
We summarized the different growth modes in a twoparameter diagram, namely n and r AB . We have identified two growth modes that we named Chain Dominated Growth (CDG) and Junction Dominated Growth (JDG). The structure of the film in the two modes is intrinsically different, for example: in the CDG mode the density of the film decreases with the thickness while for the JDG mode it remains constant. We also propose to control the overall film density by tunning the number of patches and their interaction.
These networks might be of relevance in the fields of microfluidics and filtering. For this purpose, the experimental realization of 2AnB colloids is necessary and could be achieved by using triblock colloids [8] or colloidal particles functionalized by DNA. [17, 50] As in previous work, [33] we have focused on the nonequilibrium properties in the limit of irreversible binding, usually associated with low temperatures, where the obtained colloidal structures do not change over time. However, on very long timescales or at higher temperatures, the possibility of breaking bonds can no longer be neglected and the film is expected to relax towards the equilibrium structure. The time evolution of these structures and the identification of the characteristic timescales of relaxation are interesting open questions which are left for future work.
